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Abstract
In this paper we identify quantum entanglement, quantum discord and classical correlations as the main classes of
correlations present in many body systems, such as biomolecules. We show how to witness the presene of entangle-
ment and quantum discord. All witnesses can be accessed with simple measurements and implemented with current
technology. We discuss the relationship between the speed of processing and presence of correlations and illustrate it
in the case of photosynthesis and magnetoreception.
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1. Many-body Correlations
We encounter three types of correlations in many-body quantum systems. The ﬁrst type is known as quantum
entanglement [1]. A state is quantum entangled if it cannot be written in the form:
∑
i piρ1i ρ
2
i ...ρ
n
i (which is known as
a separable state). Here pi is a probability distribution, the superscript labels the subsystem and the subscript labels
diferent states. Separable states can still contain quantum correlations. They are then known as quantum discord [2, 3].
A state has quantum discord if it cannot be written as:
∑
i j qi1,i2,...in |i1, i2...in〉〈i1, i2...in| (this is the so called classically
correlated state). Here qi1,i2..in is a joint probability distribution on n subsystems and |iα〉 is an orthonormal basis for
the subsystem α. If all correlations vanish, i.e. if qi j = qiq j, the state is then uncorrelated (also called a product state).
An example of such a state is |0〉|0〉...|0〉. Separable states (even when having discord) cannot exhibit non-locality
(as implied by the violation of Bell’s inequalities), but this fact, though conceptually interesting, is probably not of
relevance in quantum biology (and will hence not be elaborated on further in this paper).
It is fortunate (from the experimental perspective) that we do not need the full density matrix to be able to tell
if a given state is quantum correlated. A single macroscopic observable may suﬃce [4]. The trick is to ﬁnd one
such observable that is easily accessible to experiments, yet, at the same time, suﬃciently sensitive to reveal quantum
correlations (providing they exist in the ﬁrst place).
2. Entanglement Witnesses
Simply put, entanglement witnesses are observables that “react” diﬀerently to entangled states than to disentangled
states. An amazing fact is that we do not need to have the knowledge of the eigenstates of system’s Hamiltonian in
order to tell if the resulting mixture is entangled. The main price to pay, however, is that we will only be able to derive
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a suﬃcient condition for entanglement that is typical of entanglement witnesses. Namely, we will be able to tell if
(under some conditions) the resulting state is entangled, but we will not be able to say with certainty that the state is
not entangled if these conditions are violated.
One such macroscopic observable that could act as a convenient entanglement witness is the following:
∑N
i=1〈S xi S xi+1+
S yi S
y
i+1+S
z
i S
z
i+1〉, where S stands for a Pauli spin matrix. This is a good entanglement witness because for any classical
mixture of the product states (the so called separable or disentangled state): ρ =
∑
k wkρ1k ⊗ ρ2k ⊗ ... ⊗ ρNk , one has
1
N
|
N∑
i=1
(〈S xi S xi+1〉 + 〈S yi S yi+1〉 + 〈S zi S zi+1〉)| ≤ 1. (1)
The proof is based on the fact that for any product state ρ1k ⊗ ... ⊗ ρNk and for every i one has
|〈S xi S xi+1〉 + 〈S yi S yi+1〉 + 〈S zi S zi+1〉| = |〈S xi 〉〈S xi+1〉 + 〈S yi 〉〈S yi+1〉 + 〈S zi 〉〈S zi+1〉|
≤
√
〈S xi 〉2 + 〈S yi 〉2 + 〈S zi 〉2
√
〈S xi+1〉2 + 〈S yi+1〉2 + 〈S zi+1〉2 ≤ 1. (2)
This is also valid for any convex sum of product states (separable states). The ﬁrst inequality above follows from the
Cauchy-Schwarz inequality and the second from knowing that for any state 〈S x〉2 + 〈S y〉2 + 〈S z〉2 ≤ 1 (i.e. the Bloch
vector cannot exceed a unit length).
It is important to note that the same proof can also be applied to the exchange operator only (i.e. the one without
the zz component). In this case one has 1N |
∑N
i=1(〈S xi S xi+1〉+ 〈S yi S yi+1〉| ≤ 1 for any separable state (the proof is the same
as above).
3. Discord Witnesses.
In a similar fashion we can witness quantum discord. The idea is that a classically correlated state displays
correlations in only one basis. Let us call that basis the z-basis. All other correlations, such as 〈S xS y〉, must vanish.
Therefore, measuring any ”‘cross-correlation” is a simple witness of the existence of discord [5]. Note that discord
and entanglement can coexist; in fact, entanglement implies discord, but not vice verse. It is exactly in the latter case
that the concept of discord becomes exciting (and it will be what we have in mind when using the term discord).
When no discord exists the state is at best only classically correlated, such as (|00〉〈00| + |11〉〈11|)/2. If all
correlations vanish, then the state is simply uncorrelated. Classically correlated and uncorrelated states oﬀer no
information processing advantage over classical computers.
4. Application to biomolecules
For a general review of quantum eﬀects in biology the reader is encouraged to consult [6]. Here we discuss two
applications: FMO complexes in photosynthesis (where interest in quantum behaviour was stimulated by the recent
experiments [7] and [8]) and radical pair based magnetoreception [10].
The FMO photosynthetic complex is described by N = 7 coupled two level systems (see [7] and references
therein). This is an open system, but we are not really interested in details of the coupling to the environment (which
is an advantage here since the details of environmental eﬀects are uncertain). All we will assume is that one exciton
is created at the beginning of the evolution (as light is absorbed) and the system subsequently stays in the seven
dimensional Hilbert space, in which the exciton hops around, changing amplitudes to reside on diﬀerent seven sites
as time goes on.
Rather than having access to the full 7 by 7 density matrix, ρ(t), as a function of time, the above witness suggests
that it is enough to measure only the sum of the ﬁrst oﬀ-diagonal elements to conﬁrm entanglement. So if at any stage
the value
w(t) =
1
7
|(
7∑
i=1
tr(〈S xi S xi+1〉 + 〈S yi S yi+1〉)ρ(t))| (3)
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exceeds a unity, then the state ρ is entangled. It is easy to show that 2w = |∑i ρi,i+1| where ρi,i+1 = 〈i|ρ|i + 1〉 and |i〉
denotes the i-th site excited (the factor two comes from the fact that 2(〈S xi S xi+1〉 + 〈S yi S yi+1〉) = 〈S +i S −i+1〉 + 〈S −i S +i+1〉,
where S ± are the raising and lowering operators).
Note that other sums of the oﬀ-diagonal elements could also be exploited for the same purpose, it is just a question
of what the most accessible quantities are in the actual experiment. For example, we could have bounds on the
more general sums such as
∑
i j ρi, j and they would also serve as potential witnesses of entanglement. It seems that
experimental evidence suggests that entanglement is present in FMOs [9], though its role is by no means clear (more
on this later).
Now we turn to the radical pair mechanism. Some animal species (e.g. the European Robin) seem to detect the
inclination of the external Earth’s magnetic ﬁeld using a pair of entangled electrons, whose dynamics is aﬀected by
the Earth’s ﬁeld [11]. The details of the mechanism are not important here to make the main point: the inclination of
the Earth’s ﬁeld is encoded into the phase between electron spin states |01〉 and |10〉 (as is customary, 0, 1 represent
the spin up and down spin respectively). The electron pair, when separated by an absorption of a photon (in molecules
believed to exist in the retina of eyes of European Robins), oscillates between the singlet and triplet states. When
electrons are recombined, diﬀerent chemicals are produced depending on whether they recombine as a singlet or
as a triplet. Production of chemicals is therefore the measurement process discriminating between the singlet and
the triplet. Speaking somewhat loosely, the ratio of the two encodes the inclination of the external ﬁeld. The most
interesting conclusion here is that entanglement is not needed for this mechanism to work - it suﬃces to have only
discord present [12]. The presence of entanglement in magnetoreception, just like in photosynthesis, may be an
accident as far as we know.
Finally, note that so far we have only talked about the discrete degrees of freedom in biomolecules. Quantum
correlations can also exist in continuous variable degrees such as positions and momenta of biomolecules. We have
recently identiﬁed presence of continuous variable entanglement in the DNA (if modeled as a chain of coupled quan-
tum harmonic oscillators [13]), but it is far from clear what exact role entanglement might play therein. It might, for
example, not be related to the eﬃciency, but simply to the stability of the DNA.
5. Discussion: quantum eﬃciency
It would appear that we cannot understand the eﬃciency of quantum information processing in terms of corre-
lations only [14]. Both physical states, as well as their dynamics (encoded in Hamiltonians governing evolutions of
these states) are important. We can see this in the simple case of magnetoreception. It is because the Hamiltonian
encodes the magnetic ﬁeld in the electron |0〉, |1〉 basis that the singlet and triplet become important. For some other
dynamical evolutions, other states might be more important than the singlet and triplet. These other states need not
be entangled. The question of whether quantum physics could help enhance biological information processing is,
therefore, a subtle one. The key issue ultimately is distinguishability of diﬀerent quantum states (and not just cor-
relations, though correlations can also be understood in terms of distinguishability [? ]). Namely, all information is
ultimately dependent on how well (and how quickly) we can discriminate between diﬀerent alternatives. In the case
of photosynthesis, the alternatives are: the exciton is in the reaction centre or not. In the case of magnetoreception, the
electrons are either in the singlet or in the triplet state. Quantum physics simply makes these discriminations faster
(than whatever a classical analogue would be able to achieve). The presence of quantum correlations, in biological
systems or otherwise, is an important signature of genuinely quantum information processing, but by no means the
only one.
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